Na-dependent L-lysine epithelial transport was assessed in vitro by measuring the intracellular accumulation and unidirectional influx across the enterocyte brush border membrane. Pieces of jejunum were obtained by peroral biopsies from 27 "control" children and 2 cystinuric patients. In these patients, the following observations are recorded: 1) Na-dependent lysine intracellular accumulation is eliminated; 2) Na-independent accumulation persists (the accumulation ratio is 1.69 + 0.34); 3) Na-intracellular concentration is significantly higher in cystinuric patients (60.2 f 4.2 mEq/liter) than in controls (42.0 f 4.2 mEq/liter), and 4) lysine influx at the luminal membrane is measurable only in tracer amounts, both in the presence of Na (0.17 + 0.03 pmole/h em2) and in it absence (0.22 + 0.09 pmole/h cm2).
The results indicate that in two cystinuric patients, there was no Na-dependent intracellular lysine accumulation. The transport defect appeared to be located at the brush border membrane.
METHODS
For diagnostic purposes, the authors performed peroral jejunal biopsies on 27 children between the ages of 4 months and 9 yr, and on two cystinuric patients aged 4 and 33 yr. Both these patients' histories included several urinary cystine stones, urinary excretion of cystine, L-lysine, L-arginine, and L-ornithine, and no history of familial disease. Family urine chromatography was normal. At 3% yr, chromatography showed hyperexcretion of dibasic amino acids and cystine (nitrogen from the a-amine group: 175 mg/day compared to the normal range of 30-50 mg at that age). Chromatography of the.cystinuric adults also showed hyperaminoacidura (N from a-amine group: 500 mg/day, normal value <200 mg/day) predominantly of cystine and lysine, but also with general aminoaciduria (interstitial chronic nephritis related to numerous cystinic stones was demonstrated by renal biopsy). Although one patient was an adult, there is no reason to believe that lysine permeability changes with age. None of the control biopsies were performed on healthy children. Histologic examination of the jejunum was prescribed on clinical grounds (growth retardation, coelic disease with a gluten-free diet, iron deficiency anemia with osteoporosis, possibly secondary to malabsorption . . .). The present project was accepted by the Committee on Ethics of the Pediatric Department of the Universite Paris VII.
The following procedure was adopted: after a 6-hr fast, jejunal tissue was obtained using a Carey capsule (2) positioned under fluoroscopic control near the ligament of Treitz. The criteria for including a jejunal biopsy in the control group were absence of diarrhea at the time of biopsy, a normal jejunum under light microscopy, and normal urine amino acid chromatography. In all cases, the biopsy specimen was divided into two parts, one for histology (diagnosis) and the other for transport studies. When possible, several studies were performed on the same tissue, (accumulation with or without sodium and influx experiments). Two jejunal biopsies were obtained from each cystinuric patient.
ACCUMULATION EXPERIMENTS (4, 23)
The piece of jejunum consisted of the epithelium and its immediately underlying tissue, without the muscular layer. The piece was quickly placed in 10 rnl of an appropriate buffer solution whose composition did not change throughout the incubation period, incubated at 37°C and shaken throughout the incubation period 45 or 60 min. The medium was bubbled with a humidified mixture of 95% Oz and 5% COz. The buffer solution contained (in mM): 140 Na, 5.2 K, 1.2 Ca, 1.2 Mg, 120 C1, 25 HCO& 2.4 HP04, and 0.4 HzP04 (pH = 7.4). An Na-free solution was made by replacing NaCl by choline chloride and NaHC03 by KHCO3. The Na concentration of the solutions was measured by flame photometry. The initial and final L-lysine concentration was 3 mM. The intracellular L-lysine concentration was determined by isotopic tracer measurement using 1.5 pCi 14C L-lysine (Commis-sariat a I'energie Atomique, Gif, France), 12.5 pCi 3H inulin methoxy (New England Nuclear) was also used as an extracellular marker (9, 15) .
At the end of the incubation period, the tissue was washed in cold 0.3 M mannitol, gently blotted, and weighed. The tissue was then placed in I ml of 0.1 N nitric acid for 24 hr at room temperature, to allow radioactivity extraction. The activity of the solution and of the tissue extract were then counted in a liquid scintillation spectrometer at constant efficiency.
The results are given as the ratio of the intracellular to extracellular lysine concentration :
This ratio, defined as dpm/ml intracellular fluid over dpm/ml medium, was calculated as previously reported (23) . greater than unity indicates intracellular accumulation against a concentration gradient. However, this proposition is only correct if intracellular lysine is not metabolized by the tissue. According to bidimensional radiochromatography, I4C-~-L~sine was not metabolized under the prevailing experimental conditions.
On the same pieces of tissue, intracellular Na concentration also was measured by using "~a ( I pCi/lO ml solution) as previously described (22) .
INFLUX EXPERIMENTS
The experimental procedures for determining the lysine flux from the incubation solution across the brush border membrane into the cells were similar to those used by Munck and Schultz in rabbit ileum (14) . A piece of jejunum was mounted, luminal surface up, on a moistened filter paper placed on a piece of lucite. The block was then covered with a thin (I mm) plate of lucite with an aperture 4 mm in diameter, through which the mucosal surface was directly in contact with the mucosal solution. After mounting the tissue, the entire block was dipped into 10 ml Ringer plus 3 mM L-lysine, bubbled with 95% 0 2 and 5% Con, and regularly shaken. After 30 min of preincubation, the block was dipped into the incubation solution containing the same Ringer with 3 mM L-lysine, 3 pCi I4C L-lysine, and 46 pCi "H inulin; the period of influx was about 60 sec. For the Na-free lincubation, the block was rinsed 3 min in Na-free solution with 3 mM L-lysine, without isotopes, before isotopic incubation, to remove Na from the mucosal surface of the tissue. The tissue was then washed in cold 0.3 M mannitol, gently blotted, and extracted for 24 hours in 0.1 N nitric acid. The activity of the incubation solution and of the tissue extract was counted and the unidirectional flux of lysine from the medium to the cell ( J k ) was calcuated as:
in which Ci is the lysine concentration in the incubation solution, t is the incubation time in sec, A is the surface area of exposed tissue in cm', and ECS the extracellular (inulin) space. Figure 1 shows the time course for lysine uptake as a function of the period of exposure of the tissue's mucosal surface to a solution containing 3 mM L-lysine and 140 mM Na. In these experiments, pieces of rabbit ileum were tested instead of human jejunum in the apparatus used for testing the lysine influx in human biopsy material. Lysine uptake is a linear function of time during at least 63 sec. Thus, as previously discussed (14), the 60-sec uptake reflects the unidirectional influx of lysine across the mucosal border into the epithelium.
The authors used Student's t test and nonparametric tests to compare mean ( f SEM), and range values of different groups. solution, the mean ( f SEM) C/M lysine ratio was 5.06 f 0.37 in 13 biopsy specimens. This ratio decreased significantly ( P < 0.001) in the absence of Na (2.69 + 0.34) in 10 pieces of tissue.
Very different results were obtained in jejunum from two cystinuric patients, i.e., in the presence of Na, the lysine accumulation ratio was much reduced: 1.77 f 0.34; in the absence of Na, the accumulation ratio remained greater than unity ranging from 1.3 1-2.38, and the accumulation ratio values were not statistically different in the presence and in the absence of Na. Na-dependent intracellular lysine accumulation was eliminated. Figure 3 indicates that in the presence of 3 mM lysine, the intracellular Na concentration was higher in the cystinuric patients (60.2 + 4.2 mEq/liter) than in the controls (42.0 f 4.2 mEq/liter).
Although statistically significant (P < 0.05), the meaning of this difference remains unclear.
INFLUX OF I.-LYSINE ACROSS THE LUMINAL MEMBRANE
The results for L-lysine influx in control pieces of jejunum appear on Figure 4 . With Na in the incubation solution, the Llysine influx (0.95 f 0.14 pmole/h cm2) was greater ( P < 0.05) than in an Na-free solution (0.57 f 0.08 pmole/h cm2). The results obtained in cystinuric epithelium are very different: lysine influxes were very low, both in the presence of Na (ranging from 0.108-
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DISCUSSION
Cystinuria is a disease characterized by the formation of cystine renal stones (24) , associated with anomalies in the transport by the kidney of basic amino acids (L-lysine, L-arginine, L-ornithine, L-cystine). Anomalies are also found in the intestinal transport of these amino acids. They have been demonstrated by oral administration (12, 13, 17) , by in vivo intestinal perfusion (21) , and by studies of intracellular accumulation in vitro (10, 13, 17, 18, 23) . The precise location of the defect has not yet been defined. It has often been suggested that this genetic disease is due to lack of a "carrier" at the luminal epithelial membrane in kidney and intestine.
This work indicates that Na-dependent intracellular accumulation of L-lysine was eliminated from pieces of jejunum from two cystinuric patients with renal stones.
In spite of methodologic differences, these results are in good agreement with those previously reported: in control tissue from adults, Rosenberg et al. (17) found 46-60% inhibition of lysine uptake by removing Na from the incubation solution and the authors obtained an inhibition of 53%. In rabbit ileum (14) , removal of Na produced 67% inhibition of lysine accumulation under experimental conditions similar to this study (3 mM lysine in the incubation solution). In cystinuria, Rosenberg et al. (17) earlier observed the same loss of Na-dependent lysine accumulation that was found in the two patients in this study.
However, these results are not directly comparable because the L-lysine concentration used here (3 mM in the incubation solution) was higher than the previous concentrations (0.065 and 0.1 mM). The authors' choice of concentration was motivated by the experiments carried out on rabbits (14) . These studies had shown that below 1 mM intracellular accumulation increases very quickly as the extracellular concentration rises. Three mM is approximately the extracellular concentration at which the accumulation ratio levels out. Furthermore, it allows a clear distinction to be drawn between Na-dependent and Na-independent lysine transport.
Intracellular lysine accumulation is the result of transport across the luminal and basolateral enterocyte membranes. The loss of Na-dependent lysine transport in cystinuria might, therefore, be connected with lack of transport at one of these two sites. The present results argue in favor of a reduction in lysine permeability at the brush border membrane. because lvsine ~ermeabilitv is much decreased or absent in cystinuria, whether or not Na is present in the incubation solution. The significance of the present findings may be examined in the light of kinetic models for amino acid transport across the intestinal luminal membrane of animals. According to Curran et al. (3), the amino acid (A) is assumed to combine first with a transport site (X) to form a complex (XA); this binary complex can then combine with Na to form a ternary complex, (XANa). Both these binary and ternary complexes can be translocated across the membrane. Accumulation in the cells might partly depend on the Na gradient, which may supply the energy for translocation of the ternary complex XANa. Permeability (i.e., the flux driving force relationship) would then depend on the presence of X transport sites. The simplest explanation of the present results (i.e., the absence of lysine permeability at the brush border membrane in the presence and absence of Na) would be the absence of the X transpprt site in cystinuria. However, other possibilities cannot be excluded. For example, Munck and Schultz (14) proposed a somewhat different model for lysine transport in rabbit ileum, by two saturable processes, as follows: an Na-independent process, predominating at low mucosal lysine concentrations and an Na-dependent process, predominating at high mucosal lysine concentrations. The results of this study in human intetine might correspond to a loss of the second process, but only if the Na-independent process is very slow.
Although there is no direct measurements for lysine efflux across the brush border membrane, the results of this study do not fit with the hypothesis that increased efflux accounts for reduced absorption (14) . Lack of X transport sites would rather abolish the amino acid efflux as well. At the basolateral membrane, Naindependent transport processes have been described for amino acids and sugars (1,6). The persistence of such systems in cystinuria would explain the absorption of arginine from dipeptides, because dipeptides and amino acids are translocated at the brush border membrane by two separate transport processes (7, 8, 11) .
CONCLUSION
This study provides direct evidence for a human disease due to specific loss of permeability at the intestinal luminal membrane. These results suggest that selective basic amino acid permeability is genetically controlled. 
